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in signal transduction by growth factor receptors. However, in several other proteins, the PTB domains have been found to participate in phosphotyrosine-independent interactions. The X11 family of proteins contains a PTB domain that binds pep-
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tides in a phosphotyrosine-independent fashion. The homo-
TYROSINE KINASE SIGNALING
logue of X11 in C. elegans is the lin-10 gene, a gene crucial
We first identified the PTB domain by screening bactefor receptor targeting to the basolateral surface of body wall rial expression libraries with tyrosine-phosphorylated epithelia. The X11/Lin-10 proteins are found in a complex with two other proteins, Lin-2 and Lin-7, which have also been growth factor receptors [3] . This domain has also been implicated in basolateral targeting in worm epithelia. This protermed the phosphotyrosine interaction domain (PID) tein complex is also likely to be important in the targeting of and was identified simultaneously by two other groups cell surface proteins in mammalian neurons and epithelia. The [4, 5] . Previously we used bacterial expression cloning ability of the PTB domain to bind peptides in a phosphotyrosine-dependent and -independent fashion allows this domain to identify a large number of SH2 domain proteins [6] .
to be involved in diverse cellular functions.
SH2 domains bind to phosphotyrosine-containing peptides and control numerous signaling pathways involving tyrosine kinases [7] . Previous work had identified Shc as Studies over the last decade have elucidated the role a binding partner for activated and tyrosine-phosphoryof protein-protein interaction domains in a variety of lated growth factor receptors [8] . Shc becomes tyrosine cellular processes [1] . A large number of intracellular phosphorylated after the activation of a large number protein-protein interaction domains have been identiof growth factor receptors and oncogenes [9] . Once phosfied to date because of the increase in gene cloning and phorylated, Shc can bind to the Grb2/SOS complex leadthe use of advanced computer algorithms to search seing to the activation of Ras [10] . Although Shc contains quence databases [2] . These domains include the phosa PTB domain and an SH2 domain, our work and that photyrosine binding (PTB), the PSD-95/Zo-1/discsof others indicated that the PTB domain of Shc was large (PDZ), Src homology 2 (SH2), Src homology 3 crucial for its interaction with tyrosine-phosphorylated (SH3), and the tryptophan-capstryptophan (WW) dogrowth factor receptors and oncogenes [11] [12] [13] . The pepmains. These domains can be defined by their primary tide ligand for the Shc PTB domain has been found to sequence homology, their structural similarities, and be the sequence ⌿XNPXpY where ⌿ is a hydrophobic their binding specificity. These domains are evolutionresidue, N is asparagine, P is proline, and pY is phosphoarily conserved and are often found in proteins contyrosine ( Fig. 1 ) [14] . SH2 domain binding specificity is taining other protein-protein interaction domains, determined by residues carboxy terminal to the phosphowhere they act as molecular adaptors linking proteins tyrosine, whereas PTB domain specificity is determined into functional complexes. Our group has focused most by residues amino terminal to the phosphotyrosine. This recently on the function of the PTB domain. As is dis-⌿XNPXY motif forms a ␤ turn that is important for cussed later in this article, this domain was first identified interactions with the Shc PTB domain. Site-directed mutagenesis and structural studies have identified the crucial residues of the Shc PTB domain essential for interac-tion with this ⌿XNPXpY motif [15, 16] . These studies have identified residues that are necessary for binding to the phosphotyrosine as well as residues that are crucial docking protein downstream of fibroblast growth factor for binding to residues amino terminal to the phosphoreceptors and nerve growth factor receptors [29, 30] . tyrosine. The structure of the Shc PTB domain is highly Doks are tyrosine phosphorylated by a large number related to the structure of the pleckstrin homology (PH) of tyrosine kinases and were first identified via their domain, a domain that has been shown to bind to phosinteraction with p190 Ras GAP [27, 28] . The sequences pholipid head group [17] . Studies have suggested that of the PTB domains of Dok and FRS-2 proteins are the Shc PTB domain can interact with both phosphotyrohighly related to each other but have weak similarity to sine-containing residues as well as phospholipids, and the IRS PTB domains. The structural and functional that both of these binding activities may be essential relationship between the IRS and Shc PTB domains and for Shc function [18] . However, the Shc PTB domain the FRS-2 and Dok PTB domains is unclear. Initial studinteracts with phospholipids and peptides at distinct sites ies indicate that the FRS-2 PTB domain is not involved on its surface. in phosphotyrosine-dependent interactions but is imporCoincident with the identification of the Shc PTB dotant for FRS-2 coupling to growth factor receptors [30] . main, a PTB domain was identified in the insulin receptor substrate (IRS) family of proteins (Fig. 2) . Some of these proteins are disstructure and have similar but not identical binding speciplayed schematically in Figure 2 . We had first hypotheficities ( Fig. 1) [21] [22] [23] . There are data to suggest that sized that these proteins would also signal downstream the PTB domain is crucial for receptor interactions by of tyrosine kinases, but this has not proved to be the the IRS proteins, but these data are not as strong as that case. In fact, these proteins appear to be involved in a obtained for the Shc PTB domain [24] . In IRS proteins, broad range of cellular functions. synthase [34] . Disabled has an important role in neuronal sor protein (APP) in a phosphotyrosine-independent fashion. APP is involved in the pathogenesis of Alzheidevelopment in both flies and mammals [35, 36] . Finally, mer's disease. APP is broken down to the amyloid ␤ the Jip-1 protein is a scaffolding protein involved in the protein via a series of intracellular proteases, and this activation of the Jun kinase (JNK) [37] . The discussion amyloid ␤ is felt to be crucial in the pathogenesis of of all of these different PTB domain proteins is beyond Alzheimer's disease [42] . APP has a short intracellular the scope of this article; here we focus on some of our domain that includes the sequence motif YENPTY. Our recent results that have examined the role of PTB dogroup has shown that this YENPTY motif can bind to the mains in cell biology.
X11 PTB domain without being tyrosine phosphorylated [41] . A structure of this peptide bound to the X11 PTB PHOSPHOTYROSINE-BINDING DOMAINS CAN domain shows that the X11 PTB domain structure is BIND INDEPENDENT OF PHOSPHOTYROSINE very similar to the structure of the Shc and IRS PTB One major finding of recent studies on PTB domains domains [43] . The YENPTY peptide from APP makes is that their binding is often independent of phosphotyroa ␤ turn and binds in a similar fashion as the Shc PTB sine. This conclusion comes from a variety of studies.
domain binds to the ⌿XNPXpY motif. However, in the First, earlier studies indicated that both the Shc and case of the X11-APP interaction, no phosphotyrosine is IRS PTB domains displayed some binding affinity for required, and phenylalanine residues carboxy terminal proteins independent of phosphotyrosine [38, 39] . Secto the YENPTY motif also play a role in the interaction ond, yeast two hybrid screens and other studies demon-( Fig. 1 ). Studies have indicated that the interaction of strated that the PTB domain of FE65 and X11 bind X11 and APP can modulate the breakdown of APP and proteins independent of phosphotyrosine [40, 41] . This suggests that X11␣ might have an important role in decreason Alzheimer's susceptibility [42] . However, the molecular mechanism that links apoE polymorphisms to Alzheiing amyloid ␤ formation within the brain. However, the physiological relevance of the interaction of APP with mer's susceptibility is unclear. FE65 potentially provides such a molecular link between apoE polymorphisms and X11 is unclear, as the physiological function of APP is unknown. APP breakdown, but further studies on this are necessary.
As stated previously, many PTB domain proteins contain multiple protein-protein interaction domains. For Extensive studies have been performed on the function of the Numb PTB domain. As stated earlier in this example, FE65 has two PTB domains and one WW domain, whereas X11 has one PTB domain and two PDZ article, Numb has an important role in cell fate determination in Drosophila. One system that has been extendomains (Fig. 2) . The PDZ domain is a domain of approximately 90 amino acids that commonly interacts with sively studied is the formation of the peripheral nervous system of Drosophila. The sensory organ precursor cell the carboxy terminus of cell surface proteins [56, 57] . This was first appreciated in the neuronal system where divides twice to form the four cells that make up the sensory organs of the peripheral nervous system of the the PDZ domain of the postsynaptic density 95 (PSD95) protein was found to interact with glutamate receptors fly. When the sensory organ precursor divides, all of and potassium channels. Proteins such as PSD95 play a Numb localizes to one side of the cell such that only one crucial role in the clustering of proteins within the synapdaughter cell receives Numb [47] . Once localized, Numb tic region of neurons [58, 59] . This clustering is felt to be can alter the cell fate of the daughter cell. It has been important for efficient neurotransmitter-mediated signal shown that mutagenesis of the Numb PTB domain abrotransduction. The PDZ domain had been found to bind gates its ability to alter cell fate [48, 49] . Mutations of to the extreme carboxy terminus of membrane proteins residues in the Numb PTB domain that have been shown [57] , and structures of PDZ domains bound to carboxyto be crucial for phosphotyrosine binding by the Shc terminal peptides of proteins have been obtained [60] . PTB domain do not affect Numb function. However,
In the worm C. elegans, three genes, lin-2, lin-7 and mutation of the residues in the Numb PTB domain that lin-10, have been shown to be important for the targeting bind residues other than phosphotyrosine blocks Numb of the epidermal growth factor receptor to the basolatfunction [49] . Several proteins have been found to bind eral surface of cells [61] . The disruption of any of these to the Numb PTB domain both in mammalian and Drogenes leads to a mislocalization of this receptor known sophila cells (Fig. 1) , and it appears that these proteins as Let-23. Let-23 needs to be on the basolateral side of do not need to be tyrosine phosphorylated to bind the cells so that it can receive the Lin-3 ligand from the Numb PTB domain. One of these proteins identified in female gonad. Upon binding the Lin-3 ligand, Let-23 Drosophila is called Numb-associated kinase (NAK), a promotes the formation of the vulva, a structure necesserine threonine kinase without a clear functional role sary for egg laying. If Let-23 is mislocalized to the apical [50] . Another Numb-binding partner is called LNX, a side of the body wall epithelium, it will not receive the protein identified in mammalian cells, which contains Lin-3 signal, and thus, no vulva will form. The work of several PDZ domains (discussed later in this article) and Kaech, Whitfield, and Kim has indicated that lin-2, lincould function in Numb localization [51] . More recently, 7 and lin-10 are crucial for this localization [62] . It has a protein in Drosophila called partner of Numb (PON) been demonstrated that Lin-2 is a member of the memhas been shown to bind to the Numb PTB domain indebrane-associated guanylate kinase (MAGUK) family of pendently of phosphotyrosine [52] . This interaction approteins [63] . This family of proteins includes PSD95 pears to be very important for Numb localization in and is described as MAGUKs because they contain a certain cells.
guanylate kinase-like domain. However, it is clear that the enzymatic activity of this guanylate kinase domain FUNCTION OF THE X11 PROTEINS is not essential for activity, and this domain is more likely Most recently, our group has focused extensively on involved in protein-protein interactions [61, 64] . Lin-2 also contains a PDZ domain, an SH3 domain, and a the X11 family of proteins. As indicated in Figure 2 calmodulin kinase-like (CAMK) domain (Fig. 3) . The lian Lin-7 (mlin-7) protein and mlin-2, and found that the amino terminus of mlin-7 can bind to a region of mammalian homologue of Lin-2 is also known as CASK [65] . This protein was identified by its ability to bind, mlin-2 located between the PDZ domain and the CAMK domain (Fig. 3) . In mouse brain, mlin-7 can be detected via its PDZ domain, to the carboxy terminus of neurexin, a family of neuronal cell surface proteins enriched in in a complex with X11␣ and mlin-2. These results and the results of others indicate that mlin-7 binds mlin-2, synapses. Lin-7 in worms is a small protein containing one PDZ domain (Fig. 3) . The Lin-7 PDZ domain binds which binds X11␣ [53, 55, 62] . More recently we have localized X11␣ and mlin-2 in neurons, and surprisingly, directly to the Let-23 carboxy terminus [66] . Finally, recent work has shown that the lin-10 gene encodes a found that these proteins are in a perinuclear localization (most likely Golgi apparatus) in neuronal cells [68] . This protein with one PTB and two PDZ domains highly related to mammalian X11 proteins [62] . In worms, Linis surprising because PDZ domains are felt to exist on the cell surface and function to retain proteins at specific 10 is also necessary for the proper localization of glutamate receptors in specific neurons [67] . membrane sites. However, this finding is likely to be correct because Lin-10 has been shown to be perinuclear Recent work in our laboratory has shown that X11␣ can bind to a 120 kDa protein [53] . We have mapped in C. elegans [67] . More recent work from our lab has looked at the the binding site for this 120 kDa protein to a region on X11␣ just amino terminal to the PTB domain. Based on interaction of X11␤ and X11␥ with mlin-2. Like mlin-2 and mlin-7, X11␥ appears to be expressed ubiquitously, the similarity of worm Lin-10 and mammalian X11␣, we hypothesized and then confirmed that this 120 kDa whereas X11␣ and X11␤ appear to be primarily in the central nervous system. Our results have shown that protein was mammalian Lin-2 (mlin-2). We have identified the region on mlin-2/CASK that can bind to X11␣ mlin-2 does not interact with X11␤ or X11␥ [53]. This is not surprising as the amino-terminus of X11␣ (the as the CAMK domain (Fig. 3) . This domain is 45% identical to calmodulin-dependent kinase II, but like the binding site for mlin-2) is divergent from the amino termini of X11␤ and X11␥. We have examined the interacguanylate kinase domain in MAGUKs, it does not appear to have kinase activity. This CAMK domain in tions of mlin-2, mlin-7 and X11␥ in kidney and MadinDarby canine kidney (MDCK) cells, and found that mlin-2 also has a calmodulin-binding site. We have found that this calmodulin-binding site is not necessary for the X11␥ is present in a perinuclear region but does not interact with mlin-2 or mlin-7 in MDCK cells (S. Straight, binding of mlin-2 to X11␣, nor does calmodulin affect the interactions between these two proteins [68] . In D. Karnak, J.P. Borg, B. Margolis, unpublished observations). In contrast, mlin-2 and mlin-7 form a tight commouse brain lysates, we were able to detect coimmunoprecipitation of endogenous X11␣ and mlin-2 [53]. Subplex in the kidney as well as MDCK cells and localize at the lateral surface of epithelial cells (S. Straight, sequently, we tested the interactions between mamma-D. Karnak, J.P. Borg, B. Margolis, unpublished observa-REFERENCES tions) [69] . This is consistent with the finding that Lin-2 255:360-369, 1995 by the mlin-2/mlin-7 complex in mammals are unclear.
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